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ABSTRACT
Turbulence is a predominant process for energizing electrons and ions in collisionless astrophysi-
cal plasmas, and thus is responsible for shaping their radiative signatures (luminosity, spectra, and
variability). To better understand the kinetic properties of a collisionless radiative plasma subject to
externally driven turbulence, we investigate particle-in-cell simulations of relativistic plasma turbulence
with external inverse Compton cooling acting on the electrons. We find that ions continuously heat up
while electrons gradually cool down (due to the net effect of radiation), and hence the ion-to-electron
temperature ratio Ti/Te grows in time. We show that Ti/Te is limited only by the size and duration of
the simulations (reaching Ti/Te ∼ 103), indicating that there are no efficient collisionless mechanisms
of electron-ion thermal coupling. This result has implications for models of radiatively inefficient ac-
cretion flows, such as observed in the Galactic Center and in M87, for which so-called two-temperature
plasmas with Ti/Te  1 have been invoked to explain their low luminosity. Additionally, we find
that electrons acquire a quasi-thermal distribution (dictated by the competition of turbulent particle
energization and radiative cooling), while ions undergo efficient nonthermal acceleration (acquiring
a harder distribution than in equivalent non-radiative simulations). There is a modest nonthermal
population of high-energy electrons that are beamed intermittently in space, time, and direction; these
beamed electrons may explain rapid flares in certain high-energy astrophysical systems (e.g., in the
Galactic Center). These numerical results demonstrate that extreme two-temperature plasmas can be
produced and maintained by relativistic radiative turbulence.
Keywords: plasma astrophysics, high-energy astrophysics, accretion, non-thermal radiation sources,
cosmic rays, relativistic jets
1. INTRODUCTION
Due to their low densities and extremely high temper-
atures, many high-energy astrophysical plasmas are col-
lisionless, relativistic, and radiative. Collisionless plas-
mas are easily perturbed out of thermal equilibrium by
turbulent electromagnetic fields. Recent first-principles
numerical studies indicate that, in a relativistic plasma,
the ensuing nonlinear dynamics lead to rich kinetic phe-
nomena including nonthermal particle acceleration (Zh-
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dankin et al. 2017, 2018b; Comisso & Sironi 2018, 2019;
Na¨ttila¨ 2019; Wong et al. 2020), the formation of “two-
temperature” plasmas [Zhdankin et al. (2019); see also
Kawazura et al. (2019), Arzamasskiy et al. (2019), and
Alves et al. (2019)], and coherent beaming of high-
energy particles and photons (Zhdankin et al. 2020).
Since these kinetic effects manifest in the spectrum, lu-
minosity, and variability of radiation emitted by the
plasma, they have profound implications for astronomi-
cal observations.
Kinetic turbulence provides an attractive paradigm
for explaining the observed features of active galactic
nuclei (Yuan & Narayan 2014) and black-hole X-ray bi-
naries (Remillard & McClintock 2006), where plasma
surrounding a black hole is collected through a turbulent
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accretion flow. For example, theoretical models have
invoked two-temperature plasmas, where ions become
much hotter than electrons due to the unequal depo-
sition of turbulent energy (e.g., Quataert & Gruzinov
1999; Howes 2010), to explain the radiative inefficiency
of certain classes of these accretion flows (Shapiro et al.
1976; Ichimaru 1977; Rees et al. 1982; Narayan & Yi
1995). Nonthermal particle acceleration may explain
the broadband radiation spectra in these systems, while
localized beaming by turbulent structures is a poten-
tial mechanism for producing intermittent high-energy
flares.
Radiative cooling (e.g., from synchrotron or inverse
Compton processes) may compete with turbulent ener-
gization by thermalizing the plasma and maintaining an
equilibrium temperature. It has been suggested that
radiative cooling may reduce nonthermal electron popu-
lations either by steepening the distribution (Kardashev
1962; Sobacchi & Lyubarsky 2020), by imposing a high-
energy cutoff, or by thermalizing the distribution alto-
gether (Schlickeiser 1985; Zhdankin et al. 2020). Since
ions are typically unaffected by radiative cooling, the
ion-to-electron temperature ratio, Ti/Te, will increase
over time unless there exists a sufficiently strong colli-
sionless thermal coupling mechanism between the two
species, in which case thermal energy transfer from ions
to electrons will limit Ti/Te. Previous studies have
proposed mechanisms for such coupling, e.g., unsta-
ble modes in small-scale magnetohydrodynamic (MHD)
turbulence (Begelman & Chiueh 1988) and the ion-
cyclotron instability (Sironi & Narayan 2015; Sironi
2015). But whether any such mechanisms can efficiently
operate in a turbulent medium remains an open ques-
tion.
This Letter demonstrates the ability of kinetic tur-
bulence to produce and maintain a two-temperature
plasma in the presence of radiative cooling. We apply
particle-in-cell (PIC) simulations to investigate the ki-
netic consequences of driven turbulence in a relativistic
electron-ion plasma with strong electron cooling by ex-
ternal inverse Compton (IC) radiation. We show that
the plasma acquires a mixture of thermal and nonther-
mal features: ions are efficiently heated and accelerated,
while electrons are predominantly cooled and thermal-
ized, although a modest nonthermal population of inter-
mittently beamed electrons also exists. As a result, an
extreme two-temperature plasma with very low radia-
tive efficiency is established.
2. METHODS
We focus on a relativistically hot plasma, Ts/msc
2 
1, where Ts and ms are the temperature and rest mass,
respectively, of the electrons (s = e) or ions (s = i); fu-
ture work will consider the regime relevant to accretion
flows, in which ions are modestly sub-relativistic. In the
ultra-relativistic limit, the particle rest masses are neg-
ligible compared to their thermal energies. As a result,
when Ti/Te = 1, the system behaves as though it were
composed of electron-positron pairs. In our setup, this
symmetry between the particle species is broken by IC
radiation, which acts on electrons but not on ions, caus-
ing Ti/Te (and the electron-ion kinetic scale separation)
to grow.
We perform simulations of driven turbulence using the
PIC code Zeltron (Cerutti et al. 2013), closely follow-
ing the numerical setup described in Zhdankin et al.
(2018a). The domain is a periodic cubic box of vol-
ume L3 with mean magnetic field B0 = B0zˆ. We
initialize electrons and ions (protons) from a Maxwell–
Ju¨ttner distribution with number density per species n0
and initial ion temperature Ti0 = 100mic
2 (chosen ar-
bitrarily). We drive strong (δBrms ∼ B0) turbulence
at low wavenumbers (k ∼ 2pi/L) by applying a ran-
domly fluctuating external current density (TenBarge
et al. 2014). We incorporate IC cooling from a uniform,
time-independent, and isotropic bath of external pho-
tons by including a radiation reaction force acting on
electrons, F IC = −(4/3)σTUphγ2v/c, where σT is the
Thomson cross section, Uph is the photon energy den-
sity, v is the particle velocity, and γ = (1 − v2/c2)−1/2
(Landau & Lifshitz 1975). We assume an optically thin
plasma, so emitted photons escape the system and are
not tracked.
A fundamental quantity in this system is the radia-
tive efficiency ηrad, defined as the ratio of the radiative
cooling rate ˙rad to the external energy injection rate ˙inj
(statistically constant in time). These rates are given by
˙rad(t) =
4
3
σTcUphγ2e (t) ,
˙inj ∼ B
2
0
8pin0
vA0
L
, (1)
where γ2e is the mean squared Lorentz factor [12(Te/mec
2)2
for a relativistic Maxwell–Ju¨ttner distribution] and
vA0 = [σ0/(1 + σ0)]
1/2c is the initial Alfve´n velocity
(the initial magnetization σ0 = 1/2β0 in the relativisti-
cally hot limit, where plasma β is defined below). The
radiative efficiency thus scales as
ηrad ≡ ˙rad
˙inj
∼ 16τT 8piUph
B20
c
vA0
(
Te
mec2
)2
∼ ηrad,0
(
Te
Te0
)2
. (2)
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where τT = σTLn0, Te0 is the initial electron tempera-
ture, and ηrad,0 ≡ 16τT(8piUph/B20)(c/vA0)(Te0/mec2)2
is the initial characteristic radiative efficiency.
The evolution of Te (and ηrad) is closely tied to the
ion-to-electron heating ratio, Qi/Qe, in a turbulent col-
lisionless plasma. The dependence of Qi/Qe on plasma
parameters such as β and Ti/Te remains under debate
(e.g., Quataert 1998; Gruzinov 1998; Quataert & Gruzi-
nov 1999; Howes 2010; Zhdankin et al. 2019; Kawazura
et al. 2019; Schekochihin et al. 2019). We note that, if
Qi/Qe is a function of the ion plasma beta βi and Ti/Te,
and if energy is injected at a constant rate ˙inj = Qi+Qe
(with turbulent magnetic energy constant), then there is
no IC radiative steady-state value of Te unless Qi/Qe is
constant or a function only of βe = βiTe/Ti. This strin-
gent condition arises because, if Qi/Qe increases as ions
heat up, the electrons would receive a steadily diminish-
ing fraction of the injected energy, and thus their tem-
perature must decrease to maintain an instantaneous
equilibrium with radiative cooling.
We characterize the simulations by the following phys-
ical parameters (a subscript 0 indicates the initial value):
the initial radiative efficiency ηrad,0; the plasma beta β ≡
βi+βe, where βs ≡ 8pin0Ts/B2rms and B2rms = B20+δB2rms
is the (instantaneous) mean squared magnetic field;
Ti/Te; and the driving scale L/2pi relative to the char-
acteristic ion gyroradius ρi = 3Ti/eBrms (assuming the
relativistic limit). Because temperature is ill-defined for
a nonthermal plasma, in these definitions we assume
Ts = kin,s/3, where kin,s is the average particle ki-
netic energy (including contributions from bulk motions,
which we find to be at most comparable to internal en-
ergy).
We primarily focus on results from a fiducial run
with physical parameters β0 = 0.25 (yielding σ0 = 2,
vA0/c = 0.82), Ti0/Te0 = 1, L/2piρi0 = 40.7, ηrad,0 =
0.9, and duration 14L/vA0. The numerical parameters
are N3 = 10243 cells and cell size ∆x = ρi0/4 = ρe0/4.
For comparison, we also ran an identical simulation ex-
cept without radiative cooling (ηrad,0 = 0). We also
describe an extreme case, which is similar to the late
stages of the fiducial simulation but with coarser resolu-
tion, allowing higher Ti/Te. This case has Ti0/Te0 = 80,
β0 = 4, L/2piρi0 = 1.5, ηrad,0 = 0.22, 768
3 cells, and
∆x = ρe0; the relativistic electron skin depth is re-
solved by de = (3Te/4pin0e
2)1/2 ≈ 2∆x at late times
(convergence studies confirm that our quantitative re-
sults are not affected by numerical resolution). Finally,
we describe a parameter scan across ηrad,0 (changing
Uph), from simulations with β0 = 1, Ti0/Te0 = 1,
L/2piρi0 = 15.3, 384
3 cells, ∆x = ρe0/4, and vary-
ing ηrad,0 ∈ {0.028, 0.056, 0.11, 0.22, 0.45, 0.90, 1.8, 3.6}.
We conducted a broad parameter exploration with ad-
ditional smaller simulations, which yielded results qual-
itatively similar to the fiducial run. All simulations use
32 particles per cell.
3. RESULTS
3.1. Spatial structure of temperatures
In Fig. 1, we show the electron temperature Te (top
panel) and ion temperature Ti (middle panel) in an ar-
bitrary x-y plane from the fiducial simulation at time
tvA0/L = 5.5, when a large ion-to-electron temperature
ratio Ti/Te ≈ 50 has developed (see Sec. 3.2). Hot elec-
trons are localized in thin structures with thicknesses
near the electron skin depth de, while hot ions are con-
centrated in much larger structures at scales ρi ∼ di.
To characterize the fluctuations, in the bottom panel
of Fig. 1 we show Fourier power spectra (with respect
to wavenumber perpendicular to B0, denoted k⊥) for
the magnetic field B, electric field E, Ti, and Te; to fit
all spectra on the same axes, the latter two are renor-
malized arbitrarily. These spectra are averaged from
tvA0/L = 5.7 to tvA0/L = 8.0, during which period the
large-scale MHD inertial range is very limited because
turbulent heating has caused ρi to become comparable
to L/2pi. Nevertheless, all of these spectra exhibit power
laws between k⊥ρi = 1 and k⊥de = 1. The power-
law index for the magnetic energy spectrum is close to
the typical value of αB ≈ −2.7 characteristic of a non-
relativistic kinetic-Alfve´n-wave cascade (e.g., Boldyrev
& Perez 2012). The spectrum for Ti is similar to the
magnetic energy spectrum, while Te has a much shal-
lower power law with index near −1. Note that the Ti
spectrum at k⊥de > 1 is affected by numerical noise.
3.2. Turbulent heating and radiative efficiency
As shown in Fig. 2, after turbulence fully develops, Ti
increases at a roughly constant rate due to turbulent ion
heating, while Te slowly decreases from its initial value
due to radiative cooling, which outpaces the turbulent
electron heating. Consequently, the temperature ratio
increases to Ti/Te & 102. We also overlay Ti/Te from
the extreme case (green dashed line in Fig. 2), which
extends the evolution and reaches Ti/Te ∼ 103 with no
indication of saturation.
We use the parameter scan in ηrad,0 to determine how
the temperatures depend on the radiative cooling. As
shown in the top panel of Fig. 3, the evolution of Ti
is nearly independent of ηrad,0, indicating that the ions
decouple energetically from the electrons. Meanwhile,
Te quickly adjusts to a value that depends on ηrad,0,
and then slowly decreases at late times. This evolution
continues until ρi grows to L/2pi.
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Figure 1. Top: electron temperature Te in an x-y plane of
the fiducial simulation. Middle: same for ion temperature Ti.
Bottom: power spectra for turbulent magnetic field (purple),
electric field (green), Ti (red), and Te (blue). For reference,
power-law scalings (black) and characteristic scales (gold)
are indicated.
Figure 2. Evolution of temperature ratio Ti/Te (black), ion
temperature Ti/Ti0 (red), and electron temperature Te/Te0
(blue) in the fiducial simulation. For comparison, Ti/Te from
the extreme case with Ti0/Te0 = 80 is also shown (green).
We now demonstrate that Te is determined by a bal-
ance between the instantaneous turbulent electron heat-
ing and radiative cooling, and this balance slowly shifts
to lower temperatures as the electron-to-ion heating ra-
tio decreases with increasing Ti/Te. We compare the
radiative efficiency ηrad = ˙rad/˙inj to the turbulent
electron heating efficiency ηinj,e = Qe/˙inj, which are
computed from the instantaneous radiative cooling rate
˙rad, turbulent electron heating rate Qe (from integrat-
ing E · Je across the domain, where Je is the electron
current density), and external energy injection rate ˙inj.
In the middle panel of Fig. 3, we show the evolution of
ηrad versus ηinj,e from tvA0/L = 4 until the time when
ρi = L/2pi for each case in the parameter scan. We
also show the extreme case (green line), which reaches
ηrad ∼ 0.01. We find that ηrad & ηinj,e, indicating that
the radiative cooling and turbulent electron heating are
nearly in balance, but radiative cooling is consistently
stronger, leading to net cooling at late times.
To uncover the underlying scalings, we show the evo-
lution of ηrad versus Ti/Te for the same cases in the
bottom panel of Fig. 3. After a transient establishes
ηrad ∼ 0.3, the subsequent evolution can be fit by
ηrad ∼ (Ti/Te)−2/3. This scaling matches the electron-
to-ion heating ratio measured in simulations of non-
radiative plasma turbulence, Qe/Qi ∼ (ρe/ρi)2/3 (Zh-
dankin et al. 2019). We thus propose that, for larger
systems and longer durations, ηrad (and Te) will con-
tinue to decrease as Ti/Te increases, in accordance with
this scaling. Therefore, there is no equilibrium electron
temperature.
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Figure 3. Top: evolution of Ti/Ti0 (red to yellow) and
Te/Te0 (blue to cyan) for varying strength of radiative cool-
ing ηrad,0 (in order of hue, with bounding cases indicated in
the legend). Middle: radiative efficiency ηrad versus turbu-
lent electron heating efficiency ηinj,e, for the same simulations
(red-blue) and for the extreme case (green). Bottom: evo-
lution of ηrad versus Ti/Te, for the same cases, along with a
(Ti/Te)
−2/3 scaling (dashed line).
Figure 4. Energy distributions for electrons (blue) and
ions (red) at varying times, with earlier times indicated by
higher transparency. Also shown are the system-size-limited
energy pmax (magenta, dash-dotted), a Maxwell–Ju¨ttner dis-
tribution fit to the electrons (black, dotted), a power-law
with index −1 (black, dashed), and the ion distribution from
an otherwise identical non-radiative simulation (green, dash-
dotted).
3.3. Nonthermal particle acceleration
We now delve into the kinetic aspects of the plasma.
We start with the particle energy distributions, which
are identical to (direction-integrated) momentum distri-
butions because particles are ultra-relativistic, E ≈ pc.
In Fig. 4, we show the evolution of the electron energy
distribution fe(p) and ion energy distribution fi(p). Ions
undergo efficient nonthermal particle acceleration, at-
taining a broad distribution that extends to the system-
size-limited momentum, pmax ≡ LeB0/2c (where the
particle gyro-orbit spans the domain). The nonthermal
tail is approximately a power law, whose index reaches
−αi ≡ ∂ log fi/∂ log p ≈ −1.4 rapidly and then be-
comes progressively shallower as particles accumulate
near pmax. At the latest times, αi . 1, indicating
that the majority of ions are nonthermal. This power
law is harder than that obtained from the otherwise
identical simulation without radiative cooling (green
line in Fig. 4), which has αi ≈ 2. Hence, energy is
more efficiently channeled into nonthermal ions when
an electron-ion scale separation is induced by radiative
cooling.
Previous studies have suggested that gyroresonance
with MHD-scale fluctuations is the primary acceleration
mechanism in relativistic turbulence (Zhdankin et al.
2018a; Comisso & Sironi 2019; Wong et al. 2020). From
tracked ions, we find that the perpendicular electric
field, E⊥ ≡ E − E · BˆBˆ (where Bˆ is the direction
of B), accounts for over 98% of the overall ion energy
gain, consistent with this picture.
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Figure 5. Anisotropy of momentum distribution for
moderate-energy electrons (p < 3〈p〉; top) and for high-
energy electrons (p > 5〈p〉; bottom). The distributions
are shown logarithmically and normalized to the direction-
averaged value.
Electrons acquire a quasi-thermal distribution (blue
lines in Fig. 4). The bulk is well fit by a Maxwell–Ju¨ttner
distribution, which can be explained by a competition
between diffusive acceleration (described by a momen-
tum diffusion coefficient scaling ∝p2) and IC radiative
cooling (Zhdankin et al. 2020). Aside from the thermal
bulk, there is a steep nonthermal tail that spans a factor
of a few in energy. From tracked electrons, we find that
only ∼60% of the electron energy gain is from E⊥.
3.4. Intermittent beaming
Finally, we examine the anisotropy of the momentum
distribution. We focus on the electrons, motivated by
the fact that IC radiation is emitted in the direction
of the relativistic electron motion, and thus electron
beams are correlated with observable photon beams. We
define the reduced momentum anisotropy distribution,
fe(θ, φ|p1 < p < p2), as the three-dimensional momen-
tum distribution, fe(p, θ, φ) = p
2fe(p), integrated across
the energy range p1 < p < p2. Here, θ is the polar angle
with respect to B0 and φ is the azimuthal angle.
In Fig. 5, we show fe(θ, φ|p1 < p < p2) from the
fiducial simulation at tvA0/L = 6.4 for moderate-energy
electrons (p1 = 0, p2 = 3〈p〉) and for high-energy elec-
trons (p1 = 5〈p〉, p2 = ∞), where 〈p〉 is the mean
electron momentum. Following prior studies of radia-
tive magnetic reconnection (Cerutti et al. 2013; Kagan
et al. 2016; Mehlhaff et al. 2020), we employ a Moll-
weide projection to visualize the (θ, φ) surface, with
the north (south) pole indicating the direction parallel
(anti-parallel) to B0. The distribution for moderate-
energy electrons is nearly isotropic, with a slight ran-
dom asymmetry due to large-scale flows or currents.
The high-energy electrons, by comparison, exhibit sub-
stantial small-scale anisotropy, with spikes that are a
factor of ∼10 times the angle average. The pattern of
this anisotropy varies on timescales much shorter than
L/vA0. Turbulence in this regime thus produces inter-
mittent beams of electrons, much like in radiative pair
plasma turbulence (Zhdankin et al. 2020). Ions also un-
dergo intermittent beaming, but on longer timescales
than electrons.
4. CONCLUSIONS
We analyzed PIC simulations of driven turbulence in
collisionless, relativistic, electron-ion plasmas with ex-
ternal IC radiative cooling acting on the electrons. We
found no evidence of a collisionless electron-ion thermal
coupling mechanism strong enough to maintain Ti/Te in
a steady state. Instead, Ti/Te is unconstrained, limited
only by time and system size, with simulations achieving
Ti/Te ∼ 103. The ions heat up and the electrons cool
down; as a consequence, the radiative efficiency ηrad be-
comes very low as ions absorb an increasing fraction of
the dissipated energy, with simulations achieving ηrad ∼
0.01. The scaling of ηrad is consistent with our previ-
ously proposed empirical formula for the electron-to-ion
heating ratio, ηrad ∼ Qe/Qi ∼ (ρe/ρi)2/3 ∼ (Te/Ti)2/3
(see Zhdankin et al. 2019). Electrons acquire a quasi-
thermal energy distribution, while ions attain an ex-
tended nonthermal distribution with a very hard tail,
indicating that turbulence in this regime may be an ef-
ficient cosmic-ray accelerator. This ion distribution is
significantly harder than in equivalent non-radiative pair
plasma simulations (e.g., Zhdankin et al. 2017). Finally,
there is significant intermittent anisotropy in the mo-
mentum distribution for high-energy electrons, indicat-
ing that turbulence produces electron beams that may
manifest as rapid flares.
Future studies will further investigate the nonthermal
phenomena highlighted in this Letter. Careful param-
eter scans are needed to test and develop analytic the-
ories for the ion-to-electron heating ratio, which ulti-
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mately determines ηrad. It is also important to access
other parameter regimes (e.g., sub-relativistic temper-
atures and weaker cooling) and incorporate additional
radiation channels (i.e., synchrotron).
Our results confirm that the extreme temperature ra-
tios required by some models of radiatively inefficient
accretion flows are not unreasonable (Shapiro et al.
1976; Ichimaru 1977; Rees et al. 1982; Narayan & Yi
1995), although one must carefully take into account the
timescales required for turbulence to establish such tem-
perature ratios. Understanding the evolution of Ti/Te
and thus ηrad in quantitative detail is essential for inter-
preting emission from the accretion flows in the Galac-
tic Center (around Sgr A*) and in M87, recently de-
tected by the Event Horizon Telescope (Event Horizon
Telescope Collaboration et al. 2019). Intermittent elec-
tron beams produced by turbulence may be a candidate
for explaining rapid X-ray flares in the Galactic Center
(Baganoff et al. 2001; Porquet et al. 2003; Eckart et al.
2009), but more work is required to characterize their
statistical properties and reconcile their narrow energy
extent with observed broadband spectra. Our study is
motivated by accretion flows due to their long-suspected
two-temperature nature, but the parameter regime in
our simulations may be more directly applicable to giant
radio lobes (see, e.g., Erlund et al. 2008; Colafrancesco
& Marchegiani 2011) and relativistic jets from active
galactic nuclei.
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